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_._:_,: USE OF THE PARC CODE TO ESTIMATE THE OFF-DESIGN TRANSONIC
1_:_ PERFORMANCEOF AN OVER/UNDER TURBORAMJET NOZZLE

,__,_.:i • David W. Lain
NationalAeronauticsand Space Administration

' " Lewis ResearchCenter
Cleveland, OH 44135

Abs_act

°. The lransonicperformanceof adual-throat,single- Recent advances in technologiesrequiredfor
" expansioa-rampnozzle (SERN)was investigatedwith hypersonicvehicles indicatethat Math 4 to 6 vehicles
:: the PARCcomputationalfluiddynamics(CFD) code, are now feasible. These advances have renewed interest

_,,o:. :' an externalflow Navier-Stokessolver.The nozzle in the developmentof hypersonicvehicles forboth
_,.,.._,.,.: configurationwas froma conceptualMach5 cruise mifitary and commercialapplications.1A new program
:_:"'i: i: aircraftpowered by fourair-breathingturboramjets, was developed recentlyfrom the Inlets and Nozzle

"/- Initial testcases used the two-dimensionalversion of Concepts forAdvanced Air-breathingPropulsion
' 2 .

i ". PARCin Euler mode to investigate,the effect of Systems studysponsoredby the Air Force.Thisnew
i i: : geometricvariationon transonicperformance, joint program was conductedby the NASA Langley

: Additionalcapt.sused the two-dimensionalversion in and NASA Lewis ResearchCentersto evaluatea
: • viscous mode and the three-dimensionalversionin both Mach5 wavefider cruisevehicle3 (shown in Figure1).

_:_ : Eulerand viscous modes. Resultsof the analysis Langley conductedthe vehicle design and mission
i indicate low nozzle performanceanda highly three- analysis activities, whereasLewis estimatedthe

r _ _" dimensionalnozzle flow at transonicconditions.In installed propulsionsystem performance.Oneof the
_,>, • anothercomparative study usingthe PARCcode, a objectives of this programwas to develop performance

...... single-throatSERN configurationforwhich prediction methods for single- and dual-flowexhaust
i

: experimentaldatawere availableat transonic nozzle systems.
• conditionswas used to validate the results of the

;_ , over/underturboramjetnozzle. The propulsionsystem for the Mach5 waverider
•_ .: usedfour of the over/underalrbreathingturboramjet
.... _ engines shown in Figure2. For these types of

" ' r propulsion systems,the exhaustnozzles must operate

: Cf forcecoefficient normalizedby the ideal over nozzle pressure ratios (NPR,internal total
_: , force pressuredivided by ambientstatic pressure) varying

' - ." - PO ambientstaticpressure fromabout2 to 300. A complexityarisingfrom this
Ps rampstatic pressure propulsionconcept is that both the turbojetand ramjet

.:. _ X axial distance on rampsurface operate together, producingdissimilarnozzle flows,
:_ Y normaldistance on rampsurface over a wide rangeof Machnumbers.

" '.. Subscripts: The wide operatingrangeof this systemrequiresa
, ,, _' variablethroatin each nozzle. Flapsor other
_-_ _,:, g gross mechanical devices can be used to varythe nozzle area,

. x axial but they add weightto the exhaustsystem. One of the
,._ : y normal attractiveadvantages of using asingle-expausion-ramp
-_Ii_. int internal nozzle (SERN) instead of a conventional, two-

. ramp nozzle ramp surface dimensional, convergent-divergentnozzle is that the
cowl cowl surface undersideaft regionof the aircraftcan be used as the

expansion surfacefor the flow. This helps to reduce the
•Nozzle Technology Branch. overall weight of the vehicle. However,previous

" _ studies have shown that hypersonic SERN nozzles of
This paperis declared a work of the U.S. Government this type generallyhave low thrustperformanceat
and is not subject to copyrightprotection in the United transonicand low supersonicMachnumbersbecause
States. the nozzles areoverexpanded.4"s
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The objective of the current work was to obtain Table2 Coordinatesforbottom
initial nozzle performance data for the Mach 5 s_w.e ofturbojet

waverider and to optimize the nozzle at transonic JAildimensionsgiveninfeet.]
conditions. The following sections present the x r x r

procedures used and results obtained from this analysis. 3.250 3.042 4.879 2.948
: 3.432 3.031 5.058 2.937

Nozzle Geometry and Flow Conditions 3.613 3.020 5.237 2.927
3.794 3.010 5.417 2.917

-- Figure 3 shows the dual-throat turboramjet nozzle 3.975 3.000 5.517 2.902>, l 4.156 2.989 5.617 2.887
• geometry used for this study, with its assumed variable 4.337 2.979 5.717 2.872

geometry features. The RAO code 13 (method of 4.518 2.969 5.817 2.857

characteristics) was used to design and optimize the 4.698 2.958 5.917 2.842
_i isentropic ramp contour at a design point of Mach 5

• °i- with the ramjet only. On the basis of this design point,

i; the nozzle had a ramp length of 465 in. and an overall Table3 Coordinatesforuppersurfaceof ramjet
area ratio of 15. The flap position separating the two JAildimemionsgiveninfeet.]

_ _ internal flows at Math 1.2 was based on the ramp x r x r x r

contour at a design point of Mach 5 and the required .0.333 1.617 2.872 2.541 4.698 2.754
:.< throat areas at Mach 1.2 from the engine cycle deck. .055 1.757 3.072 2.570 4.879 2.767

+ , The throat heights for the turbojet and ramjet were .438 1.891 3.250 2.596 5.058 2.778
- '_ determined to be 10.3 and 19.4 in., respectively, and .812 2.010 3.432 2.622 $.237 2.791

the analysis assumed a rectangular cross-sectional 1.170 2.118 3.613 2.647 5.417 2.8021.511 2.212 3.794 2.671 $.517 2.809
" throat area with a total width of 180 in. (45-in. wide for 1.831 2.316 3.975 2.691 5.617 2.815
,. each of the four engines). The turbojet had an internal 2.127 2.401 4.156 2.710 5.717 2.821

_.... urea ratio from the throat to the end of the splitter of 2.400 2.466 4.337 2.727 5.817 2.827

_ '! 1.92, whereas the ramjet had a ratio of 1.75. 2.648 2.506 4.518 2.741 5.917 2.833

: :. Tables 1 to 3 give the overall coordinates for the Conmutational Methods
= nozzle geometry. The inflow total and freestream

; conditions were based on engine data obtained from the For the present study, the PARC code 9 was used on
cycle deck program. For the turbojet, the total pressure the CRAY-YMP to determine the nozzle performance

and temperaturewere 6778 lb/ft 2 and 3897 °R, at Mach 1.2. PARe, an external flow Navier-Stokes

"ii respectively. For the ramje,t,2thetotal plessure and solver based on the ARC code, 1° can analyze a variety
-_". temperaturewere 1334 lb/ft and 3835 *R, of propulsion flows. It can be operated in either Euler

. : respectively. The fzeeslzeam static pressure and mode or full Navier-Stokes mode. PARe also allows
temperature were 628 lb/ft2 and 412 OR,respectively, for a variety of boundary conditions, making it a very

_' - The turbojet operated at an NPR of 10.8, whereas the versatile flow solver. For this study, the Thomas
.. ramjet operated at an NPR of 2.1. algebraic model tl was used as the turbulence model.

: Figure 4 shows a typical two-dimensional
. TableI Coordinatesforuppersurfaceof turbojet computational grid generated by 3D INGRID 12algi

andexpansionramp USed f,r this study, and Figure 5 shows a typical
[Alldimensionst'i_enin feet.] t) _¢e-dimensional grid. The two-dimensional grids

- x r x i r x r aad about 18 000 grid points, whereas the three-

--_ dimensional grids had about 500 0130grid points. Only3.2.50 3.900 13.572 26.946 10.136

• 4.337 4.052 14.505 [ 7.580 27.929 10.279 the grid points of the supersonic portion of the nozzle
_ • $.417 4.250 15.540 [ 7.858 28.936 10.418 fromthe throat to exit wereusedinthe computation.

.... 6.546 4.779 16.683 I 8.149 29.96,1 10.553 The analysis neglected the inner sidewalls separating
,< 7.536 5.213 17.940 I 8.449 31.012 10.683 the four engines for the three-dimensional cases.
.. 8.637 5.662 19.313 [ 8.757 33.158 10.929 Upstream inflow conditions began at the throats of9.736 6.062 20.806 [ 9.068 35.356 11.152

,, 10.458 6.315 22.418 I 9.380 36.469 11.255 each nozzle and were fixed at their appropriate
:i- 11.320 6.615 23.268 [ 9.535 37.588 11.352 pressures and temperatures, whereas the downstream

12.349 6.951 _ 38.709 11.442 outflow condition was extrapolated. All the surfaces

• 2
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• : were consideredto be slip walls for theEulercases and expansion ramp, which produceda negativerampforce
: to be no-slip, adiabaticwalls forthe viscous cases. The coefficient Cf,_ran_ of -0.212 becauseof the

, freestrearnboundarycondition wasused for the overexpansionof the nozzle at Mach 1.2.In the normal

external flow of Mach 1.2. direction, the grossforce coefficient Cf,y.swas about
': .0.847. Similareffects were seen in this component as

:_ '_ A post-processingprogramcalculated the well where the expansion ramp produceda large

parametersused to quantify thenozzle negative force:C/,y,rampwas about-0.829, whereas
, performance--theaxial and normalforce coefficients, Cf,y,intwas onlyabout -0.018. The cowl beat-tail force

: ° ' C/,x and Cf,y. Figure 6 shows thecontrolvolume used was assumed to be zero in both directionssince the
_. : for the analysis. For eachdirectional force, the program cowl had0 ° deflection.

=::.,:. calculatedthe internalstreamthrustby integratingthe
:_'".:_"" momentumandpressuresat the commonexit plane. It A first approachto improvethe nozzle

calculatedthe ramppressureforcein a similarway by performancewas to reducethe pressuredifferenceat
', integratingthe pressureson the ramp surface.Toe cowl the exits of the two flows by increasingthe local

beat-tail force was estimatedassuminga Praadlt-Meyer pressurethattheturbojetwas expandinginto. The cowl
:: expansion.These three individualforce components of the ramjetwas deflectedupwards5° to increasethe

(internalstreamthrust,ramp force,and cowl force)ali ram];texit pressureby decreasingthe exit area.A
•_ contributedto the overall gross force.The ideal force normalshock appearedinside the ramjetwhich helped
: foreach nozzle flow is a functionof the throatarea, minimizethepressuredifferencebetweenthe two

NPR,and specific heatratio. Forthe specific heat ratio, flows due to theincrease in ramjetexit pressure

=-_.'_r:o_._ : theaverage specific heat ratios of the turbojetand the (Fig. 8). Consequently,Cf._8improvedslightly from
: ,: ramjetwere used. The overall ideal force was the sum the baseline configurationbutwas still low at0.755,

of the individual ideal f,-rcesfor the two nozzles. When and C/,x,intincreased from 0.934 to 0.953. The cowl
_ _:. the ideal force calculationschanged less than 1percent, deflectionslowed down theexpansionof the turbojet

:= o_ thesolution was consideredto be converged.On the flow on the ramp,thus loweringCf_rampto about
: _ : average,it took about 20 000 iterationsforeach -0.188 from-0.212. However,the cowl deflection also
.... _. solutionto converge, causeda negative boat-tall force with a coefficient of
- __:_ -0.010. As a result,the neteffect in the axial force was

a small increaseover the baselineconfiguration.The 5°
: _: cowl deflectionhad a greatereffect in the individual

The first configurationanalyzed with the PARC2D forces in the normaldirection.The normal internal

code in Eulermode was the basefinecase, where the streamthrustcoefficient,Cf,yint,increasedfrom -0.018
:!,:_: cowl angle was set at 0°. Figure7 shows a pressure to -0.121, and Cry,rampd_ from -0.829 to -0.771.

• mismatchbetween theexit planes of the turbojet and Also Cf,y,oowI increasedfrom0.000 to -0.112. Overall,
:_:...._, aberamjet.The turbojetflow is the dominantflow in the gross normal force Csy,g increasedfrom-0.847 to._.j, fi? ,_

-_._!: thisdual mode operationduring transonicflight. As - 1.004.
_ mentionedbefore, the turbojetis operatingat an NPR
........... of around 11, comparedwith an NPRof 2 for the Anotherconfigurationwas developedby

_ _ ramjet.Because of the low ramjetexit pressure, the deflecting the cowl at an angle that would equalize the
_ flow fromthe turbojettends to expand locally into the pressuresexiting fromboth nozzles. A one-dimensional
,'_i ramjetflow. On theotherhand, the ramjetflow is analysis was usedto determinethe exit area from the

overexpanded,and an oblique shock appears at the exit staticpressure(whichequals the exit static
trailingedge of theflap, splitting the two flows. Also, pressureof the turbojet),total pressure,andthroatarea

:__!.' : thereseems to be asmall local normalshockcausing a of theramjet. The cowl angle associatedwith this new
:--_'_:_±" subsonicregionin theflow nearthecowl exit of the ramjetexit areawas determinedto bedeflected

ramjet, upwardsabout8.4° . The oblique shock at theend of
the flap splitting the two flows was eliminated,and the

: In the axial direction(at a 0° cowl angle), the turbojetflow no longerexpanded intothe ramjetflow
, _ gross force coefficient C/.x,gcalculatedwas about as shown in Figure9. The flow in the ramjet,however,

0.722, indicating low nczzle performance.However, stayed subsonic for the most part and didnot become
: the internal streamthrustcoefficient Cf,x.et was quite supersonicuntil it interactedwith the freestreamflow

• high at 0.934. The penalty came fromthe external at the cowl exit.
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: Onceagain,no significantchangeswere seen in T_hle4 Axialforcecoefficientsfm
" the axialdirection.The internalstreamthrust,ramp two-dimensionalEuleranalyses

: pressureforce,and boat-tail force coefficientswere Cowl Axialforcecoefficients
-_,, . 0.961, -0.177, and -0.026, respectively. Thesethree angle.

_ : coefficients contributedto a Cf,_sof 0.758, which was deg C/,_m Cl_nu_ CI_I CI,_s

a slight increasefromthebaseline configurationat 0.0 0.934 .0.212 0.00o 0.722
" 0.722 butno dramaticchange from the 5° deflection at 5.o .9s3 -.Is8 ..too .755
' 0.755. The changes weremoreapparentfor the normal s.4 .961 ,177 -.026 .TSS

' :: " forces: Cf, y, int increased to -0.153, Cf,y,ra_ decreased
_ _ _J_ =[_ r = to -0.736, and Cf,y,cowIincreasedto -0.174. However,
._ :..i: these changes were notas significantwhencompared Table5 Normalforcecoefficientsfortw_ional Euleranalyses

with the 5° cowl deflection.Overall,thegross normal

-,;_::_. force coefficientCf,y,swas about-1.063. angle,C°wl Normalforgecoefficients

-'.i':: _- Figure10 comparesthepressuredistributions deg Cl.y._ Cy.y.mmpCl._.m,,j C/.y,s
= _ _ PslPo (rampstaticpressuredivided by ambientstatic 0.0 .0.018 .0.829 0.000 .0.847_ $.0 -.121 -.771 -.112 -I.004

°_:_;_: ,i pressure)along the expansionrampat the cowl angle 8.4 -.153 ..736 ..174 .!.063
;"°'_'_ settings given in Figures7 to 9 and Tables4 and 5. The

:_ _:; static pressuresalong the rampdid increasesfighdyas

_ _ : I individual axial components, Cf,_, t and Cf_r_l_, Ofthe cowl angle increased.This increase inpressurewas
...... reflectedin the increasein the force coefficients. The 0.951 and-0.109, respectively.The performancein the

-- _; effect was more significantin the normaldirectionthan normaldirectionwas greatlyimproved:Cf,y,imwas
: • : in the axialdirection.However, the staticpressures calculatedto be -0.027, and Cl,y,rampwas -0.241, with
_ " alongtheexpansionrampstillstayedbelowthe anoverallC/,y,sof-0.268.Onceagain,thecowlboat-

=" : :- tail force was assumed to be zero in both directionsfor
s • ambientstatic pressure.Tables4 and 5 summarizethe

--: _ : the0° cowl deflection.The axial and normalinternal
o two-dimensionalEulerperformancecalculationsatthe

various cowl angles, stream thrustcoefficients, Cf.x,imand C/,y,invvaried
_ ... slightly between the two-andthree-dimensionalcases

•.... Becausethe ramppressuresalways remained becausedifferentgriddensities were used to _ze
:i_._i ._. below theambientpressurein the two-dimensional computationtime. Ideally, the values wouldbe the
,i' analysis, thenext stepwas toinvestigatethe same forbothcases.

.... ' : . thiee-dimeusional relievingeffect for the baseline
_: : : configurationwithPARC3D in Eulermode.The The next approachin the studywas to look at the

modeling of the freestreamflow came into the viscous effects for the baseline configurationwith
.... '__:' calculationjust at thecowl exit and downstreamof PARC in both two and threedimensions. The grids

° ' : 'i that; this minimizedthe computationaltime.Also, only were modified forthe viscous configurationswith
" ' half the nozzle was modeled becausethe nozzle was tighterpackingin the shearlayer and nearthe wall
' :' symmetricalong the expansionramp.PARC3D surfaces.Figure14 shows the Machnumbercontours

° _, i predicteda significantpressurerise along the centerline for the two-dimensionalviscous case. A boundarylayer
:_ "_.... of the expansion ramp, as shown in FigureII, whereas can be seen along the externalexpansion ramp.The
: the two-dimensionalcase always stayedbelow the flow seems to be separating nearthe exit of the ramjet

• ambientstatic,ressure. Figures 12 and 13show the both at the topand bottomsurfaces. Also, the flow
: Machnumbercontoursalong the centerplaneand on from the turbojetdoes not expand into the ramletas
i the surfaceof the expansionramp.The pressurerise much as in the fwo-dimensionalEalercase at a cowl

tends to decrease away from the centerline.At angle of O°. For the force calculations in the axial
transonicspeed, the freestreamhelpedpressurizethe direction,C/_,intwas about0.947 and Cf_,r_ was

• flowfield because the nozzle was highly overexpanded, about-0.205, to give a C/,xs of 0.742. In the normal
The pressurizationis reflected in therampforce direction,Cf,y,int and C/.y,mmpwere determinedtobe

:o calculations. -0.062and-0.825,respectively.Thenetforce
coefficientC/y,swas-0.887.Theforcecoefficients

r "" The PARC3Dconfigurationin Eulermodehad a were, however,slightly higherthan for the

Cf.x,s of 0.842_significantly higherthanthe two-dimensional Euler case. Onereasonmightbe that
_ two-dimensional predictionof 0.722_and had the gridwas notpacked closely enough nearthe wall

4
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' " : surfacesto accuratelycaptmc the boundarylayer, were availableat transonicconditionsto validatethe
• Overall, therewere no realsignificantperfocwa_nce PARCresults.The turbulencemodel usedfor this study

6 . differences in the forces in comparisonto the was. once again, the Thomas algebraicmodel.The
two-dimensionalEuler case. experimentalworkin reference8 was conductedin the

8- by 6-Foot SupersonicWind TunnelatNASA Lewis
:, : Figure 15shows the centerplaneMachnumber on aNationalAerospacePlane(NASP) type SERN

' : ,: contoursfor the three.dimensionalviscous case. This witha single floutpath (Figure 17).The nozzle, which
"' " figure is very similarto the two-dimensionalviscous was enclosedby sidewalls, was 8-in. wide with a l-in.-

• =:, i! case with the exceptionthatthe flow separatesalong high throatthat expandedto an internalarearatio of
i _ :: the expansion ramp.Figu,e i6 shows thepressure 1.29.The externalexpansionrampwas 8-in. wide and
i _,o-: distributioncomparisonfor the baseline configuration, hadan initialangleof 17° and a trailingedge angleof
_,_i.... _ The pressurerise for the three-dimensionalviscous 8°. The experimentalconditions includedvarious
i _, case was significantlyhigher than for the tunnel MachnumbersandNPR's,coldand hot flows,

_o_: two-dimensionalcases but sfighflylower than for the with andwithout externalburning,anddifferentnozzle

i ¢_:" three-dimensionalEuler case. For the performance configuration. The datapoint chosen was at a tunnel,_..... calculationsin the axial component,Cf_,intwas0.906 Machnumberof 1.2 andan NPR of 10forcold flow
', : and Cf,_ramp was -0.086, to give a Cf._sof 0.820. Inthe without externalburning.

- _o : normalcomponent,Cf,y,imwas -0.078 and Cry,rampwas
i _ ' -0.187, to give a Cf,y,gof-0.265. In both components, Experimentaldatashoweda significant
[ __ Cf.cowlwas assumedto be zero. The three-dimensional three-dimensionaleffect along the centerlineof the
_-_ _ calculationswere muchmoreaccuratethan the two- expansionrampat Mach 1.2 where the free_

dimensionalcalculations,but there were no major interactedwith the primaryflow (Figure 18).The
...... differencesbetween the Eulerand viscous calculations, pressurerise decreased awayfrom the centerline

,__, Tables6 and 7 summarizethe comparisonbetween the similarto the over/undermrboramjetconfiguration.
'_"::: Eulerandviscous calculationsfor the baseline Onceagain,both the two- and three-dimensional

_:o configuration, versionsof PARCwere usedin the computation.The
_' PARC2Dresultsunderpredictedthe staticpressures
:_, Evaluationof Methodolotw _ong the expansionramp."l]aethree-dimensional
i_ -- resultsmatchedfairlywell with theexperimentaldata
! There was an uncertaintyin the significant forpressuresalong the centefline. However,away from
i _! °i:i pressurerise for the over/undernozzle concept the centerline, PARC3D'spredictionsdid not agree

predictedby thethree-dimensionalPARCanalysis, well withthe expcrinmntaldata.Also the overall
i Another comparativestudywas done with a similar pressurerise in the flowfleldwas notas highas the

=':j type of hypersonicnozzle for whichexperimentaldata waverider'sresults,butneverthelessathree-dimensionnleffect was visible.
: ,:- Table 6 Axial force coefficients for baseline configuration

' _ ' [C :_,_ ffi0.] Summary and Conclusions

, Mode Axial force¢o¢.fficients

' Severalconfigurationsof an over/nnder
"_: Cs,_ot c/,_v ¢/,_z turboramjetnozzle conceptwere investigatedwith the
.... ' PARC2D Euler 0.934 -0.212 0.722 PARC code in Eulermode andviscous mode with the

PARC2D Viscous .947 -.205 .742 Thomas model. Computational fluid dynamics (CFD)PARC3D Euler .951 -.I09 .842

i PARC3D Viscons .906 -.086 .82O results show low-thrustperformanceat transonicflight
: conditionsand a highly three-dimensionalflowfield.

i

" ' " Table 7 Normal force coefficients for baseline configuration The three-dimensional results agree qualitativelywith

[c_,._,)=0.l the experimentaldatafor the hypersonicnozzle at
Mach 1.2.PARC accuratelypredictedthepressurerise

Mode Normal force coefficients
alongthe centerlineof the nozzle.The cowl deflection

Cs,,.,a Cf,._ Cf,,r hada minimalbenefit in the axialdirectionbut hada
- PARC2D E,,)e) .o.ons -o.829 .o.s47 largernegative effect in the normaldirection. There

PARC2D Viscous -.062 -.825 -.SS7 were no significantdifferences in the nozzle
! PARC3D F_et -.027 -.241 -.268 performafice calculationsof the Eulerand the viscous
i PARC3D Viscous -.078 -.187 -.265 cases. FutureCFD studieson these typesof nozzles

5
: American Instituteof AeronauticsandAstronautics

•- i

1995123670-TSA08



ii

should utilize a three-dimensional analysis to 8. Trefny, C.J.; and Carboni, J.D.: Results of a Single

' !_i: accurately capture the three-dimensional effects at Expamion Ramp Nozzle With Hot Exhaust and
transonic conditions. An Euler analysis is sufficient for External Burning. NASA TM-106390, 1994.

• ' an initial parametricstudy. 9. Cooper, G.K.; and Sirbaugh, J.R.: PARC Code:
' Theory and Usage. Arnold Engineering

_/ iI Reference_ Development Center Report AEDC-TR-89-15,
Arnold AFS, 'IN, Dec. 1989.

z . r 1. Duchar, A.P.; and Wolf, J.P.: Preliminary 10. l_lli_m, T.H.: Euler and Thin Layer Navier-Sto_

......... Assessment of Exhaust Systems for High Mach Codes: ARC2D, ARC3D. Notes for

i_ ::_: (4 to 6) Fighter Aircraft. AIAA Paper 89-2356, Computational Fluid Dynamics U_r's Workshop,
_"_ July 1989. The University of Tennessee Space Institute,

_:,_ii _ _: 2. Pegg, RJ., et al.: Design of a Hypersonic Tullahoma, Tennessee, (LrrSI Publication E02-
• Waverider-Derived Airplane. AIAA Paper 4005-023-84), 1984, pp. 15.1-15.85.

,f- ;: 93-0401, Jan. 1993. 11. Thomas, P.D.: Numerical Method for Predicting
:, '._i:o. 3. Hagseth, P.E., et al.: Inlet and Nozzle Concepts for Flow Characteristics and Performance of
:: ,:: Advanced Air-breatlAng Propulsion Systems. Nonaxisymmetti¢ Nozzles--Theory. NASA

_. _ WL-TR-92-3073, Apr. 1991. CR-3147, Sept. 1979.
_ ':_i 4. Carboni, J.D., et al.: Supersonic Investigation of 12. Dorrell, E.W., Jr.; and McClure, M.D.: 3D
: _ _ Two-Dimensional Hypersonic Exhaust Nozzles. INGRID: Interactive Three-Dimensional Grid

NASA TM-105687, 1992. Generation. Arnold Engineering Development
_'_'_i ';_:"i: 5. Herrmann, H.; and Rick, H.: Propulsion Aspects of Center Report AEDC-TR--87--40, Apr. 1988.

Hypersonic Turbo-Ramjet-Engines with Special 13. Nickerson, G.R.; Dang, A.L.; and Dunn, S.S.: The
_": .....: Emphasis on Nozzle/Aftbody Integration. ASME Ran Method OptimumNozzle Contour Program.

_., _, Paper 91-GT-395, June 1991. Contract No. NAS8-36863, prepared for George
--_ ....

..... ,, _ 6. Eckert, E.; GOing, M.; and Scheitle, H.: Marshall Space Flight Center by SEA, Inc., Feb.
Optimization of Hypersonic Thrust Nozzles. 1988.

' ISABE 91-7117.

7. GOing M.: Nozzle Design Optimization by Method-
_= _. of-Characteristics. AIAA Paper 90-2024, July
':" 1990.

'%

V"

I

i

i .

i •

6

American Institute of Aeronautics and Astronautics



r.

'*i

,,...._ TurbojetBypassnOZZleexltexit_1/ /

t'°°illi, Main gear bay _ 300
' :i 75" Leading edge --\ _ -_-_-_ I ! _ I/

• Payload ba • ' -;_ ,, 10

_" Nose gear bay_ .... • ,_ i_.._ _j _tq_rj_ I

_ _r '_ Avionics bay ............ _ I - I _-2°0 V I

i_..: _ of gravity Ramjet ex=t -J
Nil

_'"' 000 100 200 300 400 500 600 700 800 900 1000110012001300 14001500 16001700
, : , , 1' " ; " ; ' : ' ; ' ; ' ; : ' ; ' I I I I I i I I : ' : " : - t I |

" _'r: _b_Y F's'0°__'_"-/'_k'- I 100

..... t o00i--.:2 ' t-100
Ground,he__- 15.oo t

Figure 1.---Three views of the Mach 5 wavedder cruise vehicle. 2 (All dimensions given in inches unless

_,_ marked _therwise.)
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i _L:.: Figure 5.--Typical three-dimensional computational grid used for this study.
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Figure 6.--Control volume used for force calculations.
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Figure 9.--Mach number contours for two-dimensional case In Euler mode at 8.4_,cowl angle.
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L Figure 10.---Comparison of ramp pressure distributions for two-dimensional

: case in Euler mode at various cowl angles.
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Figure 11.--Comparison of ramp pressuro distributions for two- and three-
dimensional cases in Euler mode.
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Figure 15.--Mach number contours along centerplane for three-dimensionalcaseinviscousmode.
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i _ :_ ° Experimental data off centerline
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.. Figure 18.--Comparison of ramp pressure distributions for National Aerospace
_" ' Plane (NASP) configuration at tunnel Mach number of 1.2 and NPR of 10.
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